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Alzheimer’s Disease (AD) is a neurodegenerative disorder associated with ageing, cognitive decline, and behavioral impairment.
However, the specific relationship between Klotho and AD is not well understood. Klotho is a gene mainly expressed in
the kidneys and in the choroid plexus, associated with the suppression of senescence. The human KL gene encodes the
a-Klotho protein, which is a multi-functional protein modulating phosphate salts, calcium, and vitamin D metabolism. We
hypothesized that Klotho deficiency is related to early aging and cognitive impairment in AD transgenic mice. We established
an early-onset triple-transgenic mouse model (APPX//PS15//Klotho /) using 12 male mice in total, including wild-type (WT),
APPKI/PS1K!and APPX!/PS1X!/Klotho/* groups (n=4 per group). Behavioral assessments, including nest-building and
novel object recognition (NOR) tests, suggested earlier cognitive and behavioral impairment in APPX//PS1X!/Klotho~/* mice
than control groups. We also generated APPX//PS1X! /Klotho~/* murine brain organoids (mBOs). About 80 brain organoids
are produced from one individual. Pathological staining analyses, including hematoxylin and eosin staining, Nissl staining,
and senescence-associated f3-galactosidase staining, demonstrated that APPX//PS1X!/Klotho~/* mBOs show pathological
features of AD, including cell death, axonal atrophy, neuronal degeneration, and increased expression of senescence-associated
B-galactosidase. In addition, 4D label-free quantitative proteomics analysis revealed differential expression of over 400 proteins
between APPX//PS1X//Klotho~/*, APPK//PS1X! and WT mBOs. Bioinformatics predictive analysis indicated that most of
these proteins were associated with the ”Peroxisome” and "Nucleocytoplasmic transport” pathways. These findings suggest that
Klotho deficiency is associated with rapid progression of cognitive impairment and early senescence in brain organoids derived
from AD transgenic mice.
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Introduction

Alzheimer’s Disease (AD) is a type of dementia closely re-
lated to age. It is characterized by progressive loss of cog-
nitive function (thinking, memory, and reasoning) and behav-
ioral abilities, ultimately leading to death. Mood disorders
and hallucinations are also commonly observed in AD pa-
tients!. AD mainly affects the central nervous system in its
onset. However, as the disease progresses, essentially all or-
gan systems in the human body, such as the digestive system
(for instance, via dysphagia) and the immune system (via neu-
roinflammation and abnormal microglial activity), would be
affected .

Recent studies estimate that about 32 million people suffer
from overt clinical AD worldwide®. As a neurodegenerative
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disorder, AD primarily affects the elderly population aged 65
and above”. Early-onset AD accounts for approximately 5-
6% of all cases, and the incidence rate is consistently reported
to be higher in women than in men®’. Projections indicate
that “the number of US adults who will develop dementia each
year was projected to increase from approximately 514,000 in
2020 to approximately 1 million in 2060,” and, since AD is
the most common form of dementia, its incidence is expected
to increase accordingly®®. This trend underscores the urgent
need for further research that aims to identify more effective
ways to prevent and treat AD.

The pathogenesis of AD is highly complex and influenced
by multiple factors. Some studies have pointed to genetic fac-
tors such as the amyloid precursor protein (APP) gene and the
presenilin genes (PS-1, PS-2) on chromosomes 21, 14, and 1,
respectively”. Two main mechanisms have been proposed to
explain AD incidence: hyperphosphorylation of the tau pro-
tein and hyperaccumulation of beta-amyloid.
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Tau is a major microtubule-associated protein (MAP) found
mainly in the neuronal axons. Under normal physiological
conditions, it is highly soluble, interacts with tubulin, and fa-
cilitates tubulin assembly into microtubules!?. It has a role
in resisting apoptosis: cells overexpressing tau are more resis-
tant to external toxins such as H202, staurosporine, and camp-
tothecin'. Phosphorylation of tau neutralizes the apoptosis-
inducing effects of GSK-3f and stabilizes f3-catenin, thereby
ensuring cell survival even in environmental stress' . How-
ever, this anti-apoptotic effect, while neuroprotective under
acute stress, may, in chronic contexts, allow damaged neu-
rons to evade repair, leading to persistent dysfunction and
neurodegeneration in the long term. Tau phosphorylation, a
hallmark of AD, can lead to instability of tau-tubulin bonds,
dissociation of tau from microtubules, and impaired micro-
tubule polymerization#. In AD, pathological tau proteins are
approximately three to four times more phosphorylated than
transiently phosphorylated tau proteins in normal cells, may
sequester normal tau into behaving in the same abnormal way
as them, and self-assemble into toxic paired helical filaments
(PHF) and straight filaments (SF), which in turn become neu-
rofibrillary tangles that disrupt the integrity of the neuronal
skeleton!?, This, combined with the apoptosis-preventing ef-
fects of tau overphosphorylation, may result in the chronic
death of neurons and eventual brain atrophy.

PBeta-amyloid proteins are derived from amyloid precursor
proteins (APP), which have three types of processing secre-
tase enzymes: «, 3, and )/13. Under normal circumstances,
in an amyloidogenic pathway, APP is hydrolyzed by B secre-
tase and then by 7 secretase, releasing A fragments, most of
which (80-90%) have 40 amino acid residues in length (A 40)
and less of which have 42 amino acid residues in length (Af
42)131% AB42 is more pathogenic and hydrophobic than
AB40'%, In the normal human brain, AB repairs the blood-
brain barrier, supports brain recovery from injury, and modu-
lates synaptic activity'>. However, in AD, abnormal cleavage
by secretases in the amyloidogenic pathway results in a high
AB42/ABA40 ratiol®. Given AB42’s hydrophobic properties,
its increased concentration may form neurotoxic extracellular
plaques, leading to neuroinflammation, apoptosis, and even-
tual AD incidence!®. Also, not only do Presenilins PS-1 and
PS-2 promote aging, but they also serve as catalytic subunits
of ¥ secretase, meaning that genetic mutations in them can
lead to abnormalities in Y secretase cleavage of APP, which
significantly heightens the A342/40 ratio and promotes A 342
deposition®.

Nevertheless, we must not overstate the relationship be-
tween A and AD. Research has pointed out that clinical tri-
als with anti-amyloid drugs for AD treatment have repeatedly
failed, and has proposed that faulty and reductive biological
assumptions in the complex relationship between Af3 and AD
could be one of the potential causes of this phenomenon'718,

Some studies even went to the extent of suggesting that amy-
loid is “neither necessary nor sufficient for AD-like brain at-
rophy”12, Collectively, these findings suggest that though A
seems to remain associated with AD, the specific causal rela-
tionship between them is under increasing scrutiny. Therefore,
an investigation of other contributing factors, such as Klotho,
is necessary for a more holistic understanding of AD pathol-
ogy and incidence.

Given that AD is strongly associated with ageing, factors
that regulate ageing-related processes may have important rel-
evance to AD onset and progression. Klotho (KL) was initially
identified as an anti-aging gene found on human chromosome
13. In humans, the Klotho protein has three forms: ¢-Klotho,
B-Klotho, and y-Klotho?Y. Three forms of a-Klotho products
have been identified: secreted o-Klotho, truncated soluble
a-Klotho, and full-length transmembrane o-Klotho??, The
Klotho protein is multifunctional, regulating metabolism (of
phosphate, calcium, and vitamin D), reducing oxidative stress,
and enhancing cognitive function?Y. It is predominantly found
in the distal convoluted tubule of the kidney and the choroid
plexus of the brainY.,

There are mainly two mechanisms by which Klotho func-
tions as an anti-aging gene. Studies report that it reduces phos-
phorylation of forkhead box proteins (FOXO), thereby allow-
ing them to enter the nucleus?). The FOXO then activates
a pathway that reduces reactive oxygen species (ROS) pro-
duction and ROS-related oxidative stress?’. Klotho is also
an essential cofactor in FGF23 signaling pathways“?. FGF23
regulates kidney phosphate excretion and systemic vitamin D
activity, demonstrating that Klotho is also significant in these
processes .

In mice, knocking out the KL gene accelerates aging
and shortens lifespan“!. More specifically, Klotho-deficient
(KL~/~) mice exhibit growth retardation, osteoporosis, ec-
topic calcification of soft tissues, premature tissue aging, and
death at 9 weeks of age“%. The skeletal muscle of these mice
may also undergo severe atrophy#2. In humans, the point mu-
tation of the KL gene is associated with hypertension and kid-
ney disease®?. Conversely, significantly improved working
and spatial memory, and better general cognition are observed
after injecting KL protein at concentrations of 10 ug-kg-1,
with positive effects as early as 4 hours after administration*®.
Similarly, overexpression of KL products can prolong mouse
lifespanl.

However, research has also complicated this relationship
between aging and Klotho. A study on a population-based
sample of human adults age 55-87 years found that the KL-
VS haplotype of the KL gene, which increases a-Klotho lev-
els, does not improve cognition®”. This inconsistency may
be due to the limitations of observational designs on hu-
mans (rather than an experimental design on other model or-
ganisms), which may not fully capture the consequences of
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Klotho deficiency on AD pathology. Variations in traits among
samples from a population may add to the possibilities of re-
search producing divergent results for an observational study.
The fact that the relationship between Klotho and aging is not
fully understood highlights the necessity of controlled experi-
mental studies focused on the mechanisms of Klotho, such as
this study.

Because AD is closely linked to ageing, the known anti-
ageing effects of Klotho suggest that it may be relevant to AD.
However, its relationship to AD has not been thoroughly stud-
ied. While studies have noted associations between reduced
Klotho levels and cognitive decline, they remain mostly cor-
relational and mechanistically shallow. As summarized above,
the current literature has mostly focused on A3 accumulation,
tau hyperphosphorylation, and genetic mutations in APP or
presenilins in AD pathology. No study to date has system-
atically investigated the impact of Klotho gene knockout on
AD incidence and progression using a combined transgenic
model, and the proteomic consequences of Klotho deficiency
have never been characterized using brain organoids. This gap
is a critical blind spot in terms of how we understand the inter-
section between aging-related molecular dysfunction and AD
pathology.

Therefore, to address this research gap, we hypothesized
that Klotho deficiency is strongly related to early aging and
cognitive impairment in AD transgenic mice. To test this
hypothesis, we constructed a triple transgenic mouse model
of AD combined with aging (APPX//PS1X//Klotho/*) and
prepared brain organoids (mBOs) to examine the effects of
Klotho deficiency on AD pathology from both in vivo and in
vitro perspectives. The findings of this study may help explore
how Klotho is one of the factors of AD incidence and poten-
tially inspire the development of new medications based on
Klotho for AD.

Materials and methods

Construction of Transgenic Mice

The APPswe/PS1AE9 (APPX//PS1X!/ APP+/PS1+) heterozy-
gous double-transgenic mice used in this study all ex-
press a human/mouse chimeric amyloid precursor protein
and a human mutant presenilin-1. They were purchased
from Shanghai Model Organisms Center, Inc. (Shanghai,
China). The C57BL/6J-K1¢"1A4ij/] transgenic mice witha-
Klotho heterozygous deficiency (Klotho~/*, KI~/*), the traits
of which are previously described?®, were also purchased
from Shanghai Model Organisms Center, Inc. (Shanghai,
China). APPX//PS1X! mice were intercrossed with Klotho™/+
transgenic mice and placed in separate cages. We se-
lected 4 offspring with the genotype APPX//PS1X! /Klotho—/*
(APP+/PS14/Kl-) for our study. 12 mice in total were

used in this research (4 Wild-type (WT) C57BL/6 mice;
4 APPX//PS1KT heterozygous double transgenic mice; 4
APPXI/PS1K1/Klotho~/* heterozygous tri-transgenic mice).
All mice were 6-month-old males weighing 25+3 g. The
aforementioned mice were housed in an identical environ-
ment (224+3°C, 60% relative humidity, 12-hour light/ 12-hour
dark cycle), and ad libitum food and water were provided.
All procedures were performed in accordance with the Guide
for the Care and Use of Medical Laboratory Animals and the
guidelines of the Shanghai University of Traditional Chinese
Medicine (Shanghai, China) Laboratory Animal Care and Use
Committee?’. Animal suffering and discomfort were mini-
mized.

Murine brain organoids (mBQs) established

Using protocols from previous research and after collect-
ing mouse brain tissue from all three genotypes (WT,
APPKI/PS1K! . APPKI/PS1KI/K1-/+), we then added 5 mL of
ice-pre-cooled Advanced DMEM/F12 cell culture medium to
the brain tissues and homogenized them“2%. The cell sus-
pensions were passed through a 200-mesh cell sieve, and the
filtered cell suspension was collected. The filtered cell suspen-
sion was centrifuged to obtain a cell pellet, which was resus-
pended in 0.5 mL of ice-pre-cooled full-cell culture medium.
0.5 mL of ice-pre-cooled Matrigel was then added. The pel-
let was triturated to obtain a uniform mixture. A controlled
rate of about 0.1 mL per drop was used to add the mixture
dropwise to an ultra-low attachment cell culture dish. Then,
the suspension was incubated in a cell culture incubator at
37°C with 5% CO2 for 15 minutes. 4 mL of pre-warmed full-
cell-culture medium was next added, and the suspension was
incubated in a cell culture incubator at 37°C with 5% CO2
again. The culture was maintained for about 10 days. Forma-
tion of clonal spheres of cells was subsequently observed. The
full cell culture medium included the following: Neurobasal
(75 mL), FBS (15 mL), Penicillin-streptomycin (1 mL), L-
glutamine (1 mL), B27 supplement (2 mL), N2 supplement (1
mL), Activin A 10 ng/mL, bFGF 10 ng/mL, EGF 10 ng/mL,
VEGF 10 ng/mL + Ascorbic acid 50 ng/mL, recombinant in-
sulin like growth factor (R3-IGF-1; 10 ng/mL), hydrocorti-
sone (10 ng/mL), and heparin (10 ng/mL). About 80 mBOs
are established for each individual mouse.

Western blotting

12% denaturing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to separate proteins
from the whole brain tissue of the three genotypes. The pro-
teins were then transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA). After blocking
and washing, the membranes were incubated with primary an-
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tibodies at 37°C for 45 minutes. The membranes were washed
thoroughly and then incubated with the appropriate secondary
antibodies at 37°C for 45 minutes. The membranes were
washed four times with Tris-buffered saline-Tween 20 (TBST)
at room temperature for 14 minutes each. The membrane
was exposed on ECL-enhanced chemiluminescence (ECL kit,
Pierce Biotechnology, Rockford, IL, USA) to visualize the im-
munoreactive proteins.

Hematoxylin and eosin staining (H&E)

4% paraformaldehyde was used to fix the organoids of the
three genotypes. The fixed organoids were then dehydrated
using an ethanol gradient, cleared using xylene, and embed-
ded in paraffin. Thin slices of the organoids were cut at 4 um
thickness on a paraffin sectioning machine, and the slices were
mounted on slides. Hematoxylin solution was added to the
slides to stain them for 5 minutes at room temperature. Then
ethanol fractionated with 1% hydrochloric acid was used to
incubate the slides for 30 seconds. Light ammonia was added
to the slides to restore the blue color for 1 minute. The slides
were then rinsed with distilled water for 5 minutes. Subse-
quently, eosin staining solution was added to the slides at room
temperature. The slides were incubated for 2 minutes. Next,
the slides were rinsed with distilled water for 2 minutes. Fol-
lowing that, ethanol gradient decolorization was performed on
the slides. Finally, neutral gum was used to seal the slides.

Nissl staining

Nissl staining was carried out according to the manufacturer’s
instructions for a Nissl Staining Kit (Beyotime Biotechnology,
Zhejiang, China). Mouse brain tissue embedded in paraffin
was sectioned, deparaffinized, and rehydrated. Nissl staining
solution was used to stain sections for 10 minutes. The sec-
tions were washed twice with distilled water for 10 minutes
each, then dehydrated in 95% ethanol for 5 seconds. Xylene
was used to clear the tissue before neutral resin was used for
mounting. A light microscope was used to observe the patho-
logical morphology of the sections.
Senescence-associated  beta-galactosidase (SA-f-Gal)
staining

The experiment was conducted following the manual of a
SA-B-Gal Staining Kit (Beyotime Biotechnology, Hangzhou,
China). Intact organoid cells cultured in a 24-well plate were
used. The culture medium was discarded, and the cells were
washed once with PBS (Gibco). One milliliter of staining fix-
ative solution was added to the cells, which were fixed for 15
minutes at room temperature. After the fixative solution was
discarded, the cells were washed 3 times with PBS, each for 3
minutes. One milliliter of staining working solution was added

to each well, and the wells were incubated at 37°C overnight.
Staining results were observed under a microscope on the fol-
lowing day.

Nest-building

According to previously established protocols, the mice were
individually housed in a cage at 1900 hours, with one cotton
fiber pad (5-cm X 5-cm; Ancare, San Jose, CA, USA) as nest-
ing material®". Pictures of the nests were taken by a digital
camera the next morning. The presence and quality of the
nests were scored at a five-point scale from 1 to 5 as follows:
I=nestlet not noticeably touched, 2=nestlet partially torn up,
3=nestlet mostly shredded but often with no identifiable nest
site, 4=an identifiable but flat nest, and 5=a near-perfect nest.

Novel Object Recognition (NOR) task

NOR testing was conducted for 4 days as described previ-
ously?!"33. Each mouse received 1 day of testing per trial.
Mice were given a 3-minute sample trial in which they were
exposed to two identical objects and allowed to explore them
freely. Sample trials were terminated when mice had accumu-
lated 15 seconds of exploration time at each object or 3 min-
utes, whichever was shorter. Mice were then removed from the
box and placed in a holding cage while the box was cleaned
and configured for the test trial. Inter-trial interval was ~2
minutes. In the test trial, a new copy of the object presented
in the sample trial and a novel object were presented in the
same environment for 3 minutes. Exploration of the objects
was monitored and recorded via an overhead camera linked to
a monitor and used for analysis. Object identity (novel and
familiar) and presentation side were counterbalanced.

Recognition index (RI) and Discrimination index (DI) are
calculated as follows:

RI=—1" o 100%
(Tn+TO0)

DI — M % 100%
(Tn+T0)

(Tn is the exploration time for the novel object, and TO is the
exploration time for the familiar object.) An RI value greater
than 50% or a DI value greater than 0% indicates a preference
for the novel object, reflecting intact memory.

4D Label-free quantitative proteomics analysis

The 4D Label-free quantitative proteomics analysis was com-
pleted by Shanghai Personal Biotechnology Co., Ltd (Shang-
hai, China). 300 uL of 8M urea was added to the sample,
and the protease inhibitor was added at a volume equal to
10% of the lysate volume. After centrifuging at 14,100 x g
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for 20 minutes, the supernatant was collected. The protein
concentration was determined by the Bradford method, and
the remainder was frozen at -80°C. A 100-ug aliquot of the
extracted proteins from each sample was then reduced. 200
nM dithiothreitol (DTT) solution was added, and the proteins
were incubated at 37°C for 1 hour. The sample was diluted 4
times by adding 25 mM ammonium bicarbonate (ABC) buffer.
Then trypsin (trypsin : protein =1:50) was added to the sam-
ple, which was incubated at 37°C overnight. The next day, 50
uL of 0.1% FA was added to terminate the digestion. 100 uL
100% ACN was used to wash the C18 column, which was cen-
trifuged at 1200 rpm for 3 minutes. The column was washed
once with 100 uL of 0.1% FA and then centrifuged at 1200
rpm for 3 minutes. The collection tube was replaced, the sam-
ple was added, and the column was centrifuged at 1200 rpm
for 3 minutes. The column was washed twice with 100 uL.
of 0.1% FA and then centrifuged at 1200 rpm for 3 minutes
again. The column was washed once with 100 uL of pH 10
water. The collection tube was replaced, and the column was
eluted with 70% ACN. The eluents of each sample were com-
bined and lyophilized. The samples were stored at -80°C until
loading. Nanoflow LC-MS/MS analysis of tryptic peptides
was conducted on a quadrupole Orbitrap mass spectrometer
(Q Exactive HF-X, Thermo Fisher Scientific, Bremen, Ger-
many) coupled to an EASY nLC 1200 ultra-high-pressure sys-
tem (Thermo Fisher Scientific) via a nano-electrospray ion
source. 500 ng of peptides were loaded on a 25 cm column
(150-pm inner diameter, packed using ReproSil-Pur C18-AQ
1.9- um silica beads). Peptides were separated using a gra-
dient from 8% to 12% B in 5 minutes, then 12% to 30% B
in 33 minutes, and stepped up to 40% in 7 minutes, followed
by a 15-minute wash at 95% B at 600 nl per minute, where
solvent A was 0.1% formic acid in water and solvent B was
80% ACN and 0.1% formic acid in water. The total duration
of the run was 60 minutes. The column temperature was main-
tained at 60°C using an in-house-developed oven. The mass
spectrometer was operated in “top-40” data-dependent mode,
collecting MS spectra in the Orbitrap mass analyzer (120,000
resolution, 350-1500 m/z range) with an automatic gain con-
trol (AGC) target of 3E6 and a maximum ion injection time
of 80 milliseconds. The most intense ions from the full scan
were isolated with an isolation width of 1.6 m/z. Following
higher-energy collisional dissociation (HCD) with a normal-
ized collision energy (NCE) of 27, MS/MS spectra were col-
lected in the Orbitrap (15,000 resolution) with an AGC target
of SE4 and a maximum ion injection time of 45 milliseconds.
Precursor dynamic exclusion was enabled for 16 seconds.

All RAW files were analyzed using the Proteome Discov-
erer suite (version 2.4, Thermo Fisher Scientific). MS2 spec-
tra were searched against the UP000000589 Mus musculus
uniprot proteome database (54,742 target sequences down-
loaded on 2025-01-26). The Sequest HT search engine was

used, and parameters were specified as follows: fully tryp-
tic specificity, maximum of two missed cleavages, minimum
peptide length of 6, fixed carbamidomethylation of cysteine
residues (+57.02146Da), variable modifications for oxidation
of methionine residues (+15.99492Da), precursor mass toler-
ance of 15 ppm and a fragment mass tolerance of 0.02Da for
MS2 spectra collected in the Orbitrap. Percolator was used
to filter peptide spectral matches and peptides to a false dis-
covery rate (FDR) of less than 1%. After spectral assignment,
peptides were assembled into proteins and were further filtered
based on the combined probabilities of their constituent pep-
tides to a final FDR of 1%. As default, the top matching pro-
tein or ‘master protein’ is the protein with the largest number
of unique peptides and with the smallest value in the percent
peptide coverage (that is, the longest protein). Only unique
and razor (that is, parsimonious) peptides were considered for
quantification.

Gene Ontology (GO) and InterPro (IPR) analysis were con-
ducted using the interproscan-5 program against the non-
redundant protein database, and the databases COG (Clus-
ters of Orthologous Groups) and KEGG (Kyoto Encyclope-
dia of Genes and Genomes) were used to analyze the protein
family and pathway. The probable interacting partners were
predicted using the STRING-db server (http://string.embl.de/)
based on the related species. STRING is a database of both
known and predicted protein-protein interactions. The enrich-
ment pipeline was used to perform the enrichment analysis of
GO, and KEGG, respectively.

Statistical Analysis

Each experiment was performed at least three times and val-
ues were reported as mean + standard error wherever it is ap-
plicable. Student’s t-test was used to evaluate differences (p
< 0.05 indicated statistical significance). Statistical analyses
were performed using GraphPad Prism v9.0.

Results

Klotho deficiency exacerbated cognitive impairment of
APPX/PS1X! mice

APPX//PS1KT mice and Klotho™/* transgenic mice
were intercrossed, resulting in the production of
APPXI/PS1KI/Klotho™/* heterozygous tri-transgenic mice
(Figure E]A). Western blot results indicated that APP, PSEN1,
and AB levels in the brain tissues of APPX//PS1X7/Klotho~/*
mice were significantly higher than those in WT mice and
were similar to those in the brain tissues of APPX//PS1X/ mice
(Figure [IB). However, the expression level of Klotho protein
in the brain tissue of APPX//PS1X//Klotho~/* mice was sig-
nificantly lower than that in WT mice and APPX//PS1X! mice
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(Figure [IB). The Nest-Building experiment results showed
that the nest-building score of APPX//PS1X7/Klotho/* mice
was significantly lower than that of WT mice, while no
significant difference was observed between the nest-building
scores of APPK//PS1X!/Klotho/* mice and APPX//PS1K!
mice (Figure [T[C). In addition, the experimental results of the
Novel Object Recognition (NOR) task showed that the RI and
DI scores of APPX/PS1X7/Klotho~/* mice were significantly
lower than those of WT mice and APPX//PS1X! mice (Figure
[[D). These results suggest that Klotho deficiency could
potentially exacerbate cognitive impairment in APPX//PS1%!
mice.

A. Screening strategy for APPK//PS1X//Klotho/* triple
transgenic mice.

B. Western blot detection results (n=4 per group, p-values
are displayed on the figure)

C. The Nest-Building experiment results indicated that the
Nest-Building score of APPX//PS1X! /Klotho~/* mice
was significantly lower than that of WT mice (n=4 per
group, p-values are displayed on the figure) and notice-
ably lower than that of APPX//PS1X7 mice, but the latter
difference was not significant.

D. The results of the NOR task experiment showed that the
RI and DI scores of APPX!//PS1X!/Klotho~/* mice were
significantly lower than those of the control groups (n=4
per group, p-values are displayed on the figure).

Klotho deficiency induced neuronal damage and aging on
APPX!/PS1¥!/Klotho~/* mBOs

mBOs were generated from brain tissue of each group of mice
and cultured in suspension. Under light microscopy, mBOs
derived from WT mice and APPX//PS1%X7 mice exhibited a
clonal morphology with larger size and an apparently higher
number (Figure 2JA). The colony spheres of mBOs derived
from APPX!//PS1X!/Klotho/* mice were noticeably smaller.
Many floating cells were observed in the culture medium, sug-
gesting increased cell death (Figure [2JA). The results of H&E
staining and Nissl staining showed that multiple neuron-like
cells were visible in the mBO clonal spheres derived from
WT mice and APPX//PS1X7 mice. These cells had large so-
mata and prominent nuclei (Figure 2B, 2IC). However, in the
mBO clonal spheres derived from APPX/PS 1K1 /Klotho~/+
mice, most neuronal cells exhibited atrophy and unclear nu-
clear morphology, showing marked cell deterioration and sug-
gesting cell death (Figure 2B, 2IC). Meanwhile, the SA-f-gal
staining results also revealed the presence of multiple blue-
green staining-positive cells in the colony spheres derived
from mBOs of APPX!/PS1X//Klotho/* mice, indicating sig-
nificant senescence in these mBOs (Figure 2D).

A. Field of view under light microscope for mBOs. Mag-
nification: 200x (n=4 per group, representative images
shown).

B. H&E staining detection results of mBOs (n=4 per group).
C. Nissl staining detection results of mBOs (n=4 per group).

D. SA-B-gal staining detection results of mBOs (n=4 per
group, p-values are displayed on the figure).

Klotho deficiency significantly influenced the proteomics
landscape of APPX//PS1X//Klotho/* mBOs

The differences in protein expression among the three groups
of mBOs were systematically analyzed using 4D Label-free
quantitative proteomics (Figure [3]A). The LC-MS/MS detec-
tion results indicated that the numbers of peptides with pro-
tein quantification values (Complete Identifications) across
the three samples were almost consistent (Figure 3B), sug-
gesting similar sample quality and depth of detection. The
sample overlap analysis indicated that all three groups of
mBOs contained their respective proteins, but only 2146
common peptides were identified (Figure 3[C). By perform-
ing median normalization on the original detection data, we
made peptide intensities comparable across samples, reduc-
ing systematic differences in the experiments (Figure 3D). Fi-
nally, Heatmap statistical results indicated that 2,253 unique
peptide sequences were detected in mBOs derived from
APPXI/PS1KT/Klotho~/* mice, that 2,530 unique peptide se-
quences were detected in mBOs derived from WT mice,
and that 2,541 unique peptide sequences were detected in
mBOs derived from APPX//PS1X7 mice (Figure ). Mean-
while, the Pearson product-moment correlation coefficient in-
dicated that the peptide sequences detected across the three
groups of mBOs exhibited a strong linear positive correla-
tion (>0.98; Figure ). By setting certain thresholds (signed
Fold Change > 1.2 for significant upregulation; signed Fold
Change < -1.2 for significant downregulation), differences
between the protein abundance levels of the three groups of
mBOs were determined. Specifically, in the comparison be-
tween the APPX//PS1X! group and the WT group, there were
236 proteins with significantly upregulated expression and
233 proteins with significantly downregulated expression. In
the comparison between the APPX//PS1X//Klotho~/* group
and the WT group, there were 184 proteins with significantly
upregulated expression and 235 proteins with significantly
downregulated expression. In the comparison between the
APPXI/PS1K! Klotho =/ group and the APPX//PS1X7 group,
there were 200 proteins with significantly upregulated expres-
sion and 216 proteins with significantly downregulated ex-

pression (Figure dA).

A. High-throughput proteomics detection strategy.
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Fig. 1 Klotho deficiency exacerbated cognitive impairment of APPX//PS1X! mice.

B. Statistical results of the number of peptide sequences
with Complete Identifications in the sample.

C. The number of peptide sequences shared by the three
groups of mBOs is 2146.

D. The result of median normalization processing on the
original detection data.

E. Heatmap representation of proteomics results.

F. Statistical results of Pearson product-moment correlation
coefficient.

Based on the Clusters of Orthologous Groups (COG) algo-
rithm for homologous classification of the gene products, we
predicted the functional categories of proteins with high abun-
dance in the three groups of mBOs (FiguredB). Among them,

the top three categories were “Signal transduction mecha-
nisms (T)”, “Posttranslational modification, protein turnover,
chaperones (O)”, and “General function prediction only (R)”.
We also used the Gene Ontology (GO) analysis algorithm
to predict the functions, localizations, and activities of pro-
teins with significant differences among the three groups. GO
analysis results indicated that proteins with significant differ-
ences in expression between the APPX//PS1X7 and WT groups
were mainly distributed in “Nucleocytoplasmic transport (Bi-
ological process)”, “Cell surface (Cellular component)”, and
“Translational initiation factor activity (Molecular function)”
(Figure [C). The proteins with significant differences in ex-
pression between the APPX//PS1X//Klotho~/* group and the
WT group were mainly distributed in “Lipid metabolic pro-
cess (Biological process)”, “P-body (Cellular component)”,
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Fig. 2 Klotho deficiency induced neuronal damage and aging on APPX!/PS1X! /Klotho™/* mBOs.
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Fig. 3 Klotho deficiency significantly influenced the proteomics landscape of APPX!/PS1X! /Klotho™/* mBOs.

and “Translational initiation factor activity (Molecular func-
tion)” (Figure @D).

A. Statistical results of the number of peptides with signif-
icantly upregulated and downregulated expression in the
three groups of samples.

B. COG functional enrichment results.

C. GO functional prediction results of peptides with signifi-
cant differential expression between APPX//PS1%7 group
and WT group.

D. GO functional prediction results of significantly differ-
entially expressed peptides in APPK!/PS1X!/Klotho™/+
group compared to WT group.

Finally, we predicted signaling pathways underlying the dif-
ferential protein expression profiles. The Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis indicated that

the proteins with significantly upregulated expression in the
APPX!/PS1X! group compared to WT group were mostly en-
riched in signaling pathways such as “Peroxisome” and “Nu-
cleocytoplasmic transport”, whereas the proteins with sig-
nificantly downregulated expression were mostly enriched
in signaling pathways such as ‘“Nucleocytoplasmic trans-
port” and “mRNA surveillance pathway” (Figure [5A). In
the APPX//PS1X1/Klotho~/* group, the proteins with signif-
icantly upregulated expression were mostly enriched in sig-
naling pathways such as “Peroxisome” and “Mitophagy — an-
imal”, whereas the proteins with significantly downregulated
expression were mostly enriched in signaling pathways such
as “Nucleocytoplasmic transport” and “Ribosome” compared
to the WT group (Figure [5B). Finally, we identified the inter-
section and found that the proteins with significantly upregu-
lated expression across the three groups were mostly enriched
in the "Peroxisome” signaling pathway, whereas those with
significantly downregulated expression were mostly enriched
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Fig. 4 Klotho deficiency significantly influenced the COG and GO of APPK!/PS1X!/Klotho~/* mBOs.

in the “Nucleocytoplasmic transport” signaling pathway (Fig-
ure BC, BD).

A. KEGG prediction results of significantly differentially
expressed peptides in APPX//PS1%7 group compared to
WT group.

B. KEGG prediction results of peptides with significant
differential expression between APPX//PS1X!/Klotho~/*
group and WT group.

C. The proteomics signal transduction pathway involved in
the most significantly upregulated peptide sequence com-
mon to all three samples.

D. The proteomics signal transduction pathway involved in
the most significantly down-regulated peptide sequence
common to all three samples.

Discussion

Our findings suggest that Klotho deficiency is associated with
accelerated aging in AD transgenic mice. This may exacerbate
their cognitive dysfunction and promote the early emergence
of AD symptoms.

Our study consisted of both in vitro and in vivo analy-
ses of WT, APPX//PS1X/_ and APPX//PS1X/Klotho™/* mice,
using organoids derived from these mice. We discovered
that Klotho deficiency could potentially exacerbate cogni-
tive impairment in APPX//PS1%7 mice, as the worse perfor-
mance in NOR tests by APPX//PS1X//Klotho/* mice com-
pared to WT mice and APPX//PS1X7 mice suggests. In addi-
tion, Klotho deficiency induced neuronal damage and aging
on APPX//PS1X!/Klotho~/* mBOs, demonstrated by the sig-
nificantly different morphologies of APPX//PS1X!/Klotho~/*
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Fig. 5 Klotho deficiency significantly influenced the proteomics signal transduction pathway of APPK//PS1KT /Klotho™/+ mBOs.

mBOs compared to WT and APPX//PS1X/ mBOs when they
are assessed by Nissl staining, H&E staining, and SA-f3-
gal staining. The proteomics landscape of Klotho-deficient
mice is also significantly different from that of WT and
APPXI/PS1XT mBOs, as shown by analyses using 4D Label-
free quantitative proteomics, COG, GO, and KEGG. Previ-
ous research has already situated Klotho as an important anti-
ageing factor, and our research generally aligns with this
perspective?%2223 Mechanistically, researchers have illus-
trated that Klotho plays a crucial role in cell-sustaining path-
ways through mechanisms such as reducing phosphorylation
of FOXO proteins and acting as a cofactor in FGF23 signal-
ing pathways2Y2%. Similarly, our research suggests the ben-
eficial effects of Klotho, demonstrating that its deficiency is
associated with earlier and more severe AD incidence and
progression. However, our study places Klotho not only as
a protein associated with aging but also as a modulator of
the pathological onset and severity of AD. This extends prior
research by pointing out that, in addition to resisting aging,

Klotho may also modulate bodily responses to specific neu-
rodegenerative diseases. Our research results are, in gen-
eral, quite consistent with the conclusion that Klotho defi-
ciency accelerates aging in AD transgenic mice, which ex-
acerbates their cognitive dysfunction and promotes the early
emergence of AD symptoms. The only inconsistency may
be that while APPX//PS1X//Klotho~/* mice performed worse
than APPX//PS1X! mice in the nest-building tests, this differ-
ence was not statistically significant. This could be attributed
to a floor effect. Here, the AD symptoms in APPX//PS1K/
mice might already have interfered with their ability to build
nests, to the extent that further impairment (such as Klotho
deficiency) becomes less noticeable and its impact becomes
statistically insignificant in our study. In comparison, differ-
ences in NOR test performance, which aligns with the con-
clusion reached in this paper, could be potentially more sensi-
tive to Klotho levels than the nest-building tests. Limitations
still exist in this research. First, the sample size is relatively
small, with only 12 mice (4 from each of the three genotypes)
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used in this study. This may result in this study having rel-
atively low statistical power and a higher risk of producing
inaccurate results. Future studies should possibly use a larger
sample size. Second, only one AD model (APPX//PS1X7) is
used. This means that research findings could be limited to
this model rather than AD in general. Future studies should
experiment with other standardized AD models such as TAPP,
BRI-AB42A, and PDAPP?%, Third, we did not establish spe-
cific mechanisms underlying the relationship between Klotho
and AD. To our knowledge, this study is among the first to
systematically analyze the effects of Klotho gene knockout on
AD incidence and progression. Although this study provides
convincing evidence that Klotho deficiency is closely associ-
ated with AD incidence and progression, it does not explain
the specific pathways and mechanisms underlying this rela-
tionship. Even though this study involves proteomics anal-
yses, it establishes only correlations, not causation. Future
research could focus on the specific mechanisms and path-
ways as to how Klotho deficiency promotes AD incidence and
worsens AD symptoms. Fourth, the extent to which mBOs
are representative of in vivo pathology is worthy of consid-
eration. While mBOs derived from the mice in this study
demonstrated pathological features consistent with AD, they
nonetheless represent a simplified system. They lack the full
complexity of the in vivo brain environment. Factors such
as the circulatory system and the presence of full, intact neu-
ral networks, which are lacking in mBOs, may influence the
progression of AD-like symptoms. Nonetheless, the neuronal
changes observed in the mBOs are still consistent with and
supported by the behavioral studies and proteomics analysis
results, suggesting that the insights we gained from mBOs
may reflect real, existing effects of Klotho deficiency, instead
of artifacts of the in vitro mBO system. That said, future
studies could still employ more complex models incorporat-
ing more complex factors, such as the circulatory system and
the immune system, to better imitate in vivo conditions.

Collectively, the research findings presented in this paper
suggest that Klotho deficiency accelerates aging in AD trans-
genic mice, which exacerbates their cognitive dysfunction and
promotes the early emergence of AD-like phenotypes. The
conclusions of this paper may serve as a foundation for fu-
ture research on new medications for AD. However, this pa-
per should not be seen as a final resolution of AD. Further
research, perhaps on the underlying mechanisms of the rela-
tionship between Klotho and AD, is still needed to address this
most common neurodegenerative disease in the world.
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